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(54) Microfluidic device

(57) A microfluidic device is disclosed, comprising an
optical fiber having a light guiding core and at least one
fiber fluid channel formed adjacent to the core, and a
capillary having a capillary fluid channel. The optical fiber

and the capillary are spliced to each other such that the
center of the light guiding core of the fiber is axially aligned
with the capillary fluid channel, while at the same time
there is provided a fluid communication between the fiber
fluid channels and the capillary fluid channel.
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Description

Technical field

[0001] The present invention relates to a microfluidic
device, particularly for use in optical analysis of a liquid
or gaseous medium.

Technical background

[0002] In the last decade, with the development of ge-
nomics and electrophoresis, silica capillaries have been
used in analyzing liquid substances such as organic ma-
terial, for application in DNA sequencing and other areas.
In a manner similar to optical analysis in lab-on-a-chip,
micro-fluidics in capillaries and fibers is still a subject in
its infancy, but is bound to grow and develop rapidly in
the coming years. In this latter case, light is made to in-
teract with liquid material contained or flowing inside the
capillaries. The optical excitation of the liquid material by
laser light is generally done transversally, i.e. with the
light impinging upon the capillary from the side. In many
cases, it would be desirable to excite an extended region
of the liquid (for example up to 30 cm long region), but
this is difficult in a configuration with transverse illumina-
tion.
[0003] One natural step would then be to attempt to
illuminate the liquid under examination in a longitudinal
configuration, i.e. where the illumination light travels
along the capillary. However, one serious limitation as-
sociated with longitudinal, or axial, illumination is the in-
terface of the liquid. At any open end in the capillary, the
liquid forms a meniscus, causing a lens effect. In addition,
the exposure of the liquid under examination to ambient
conditions such as air is often undesirable for stability
reasons, and for chemical and/or biological reasons.
Thus, it is typically desired to contain the liquid in a closed
environment. For this reason, bulk cells or containers
have been used at the entrance and at the exit of the
capillary, wherein an optical window is provided to handle
the optical coupling into the capillary.
[0004] Unfortunately, the bulky and often leaky ar-
rangements of the above kind take away one of the main
advantages of employing capillaries for the analysis,
namely the possibility of using minute volumes of the
liquid under investigation.
[0005] Thus, there is a general problem in the prior art
regarding how to efficiently couple the illumination light
longitudinally into a capillary for optical analysis of a liquid
contained therein.

Summary of the invention

[0006] One object of the present invention is therefore
to provide for a way of coupling illumination light longitu-
dinally into a fluid contained in a capillary.
[0007] It is known since long how to fabricate optical
fibers having one or more longitudinal holes (fluid chan-

nels) running alongside the core of the fiber. In the prior
art, such fibers have been used, for example, as pressure
sensors.
[0008] Both in capillaries and in optical fibers with lon-
gitudinal holes, it would be desirable to have the possi-
bility to couple light in a straight line from the fiber and
into and through the fluid channel of the capillary without
the formation of a meniscus, and at the same time keep
the liquid under analysis in an enclosed environment.
[0009] The present invention solves this problem by
providing a microfluidic device according to the append-
ed claims.
[0010] One competitive advantage of the present in-
vention compared to previous technology in this field is
that standard telecom techniques for splicing fibers can
be used for joining the optical fiber to the capillary.
[0011] The inventive microfluidic device is envisaged
to find applications in various fields, including both pho-
tonics and bio-sciences.
[0012] Hence, the microfluidic device according to the
present invention eliminates the requirement to use bulky
fluid cells to allow the coupling of light into and out from
capillaries and photonic fibers, while still keeping the fluid
under analysis in an enclosed and protected environ-
ment. At the same time, the present invention provides
for easy transport of fluid into and out from the capillary.
[0013] According to the invention, it is possible to con-
trol the flow of liquid through the device by using trans-
versally incident light. The liquid in a selected one of the
longitudinal holes of the fiber is then made to expand,
such that liquid from this particular hole is effectively
pumped into the fluid channel of the capillary. By alter-
natingly illuminating the liquid in the two holes of the fiber,
liquid can be selectively introduced into the capillary.
Similarly, when a multiple-hole output fiber is employed,
liquid can be selectively pumped from the capillary and
into the desired hole of the output fiber.
[0014] If none of the holes of the input fiber is illumi-
nated, liquid from all these holes will be pumped into the
capillary and mix therein. However, if one of the holes is
illuminated, liquid from just one of the holes may be
pumped into the capillary. Considering the small diame-
ter of the fluid channel of the capillary, two different liquids
can be selectively pumped into the capillary from the two
holes without mixing. (It should be noted that for a micro-
fluidic device, the flow inside a fluid channel is primarily
laminar.) This is, as described above, achieved by se-
lectively illuminating the holes one at the time. In princi-
ple, this selective transverse illumination of the liquid in
the holes works as an optical valve.
[0015] At the output side, this kind of optical valve can
be used for sorting out various portions of the sample
within the fluid channel of the capillary into different holes
in the output fiber. For example, this may be utilized for
sorting particles, such as cells or the like, into different
output holes depending on some selection criterion (e.g.
dye marking or luminescence tags).
[0016] In embodiments where an extended fluid chan-
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nel is desired in the capillary, means may be provided to
contain light along the capillary.
[0017] One way of containing light within the capillary
may be to provide a reflective coating on the inner wall
of the fluid channel of the capillary, thus preventing light
from escaping.
[0018] Another suitable way of containing light in the
capillary is to employ a photonic bandgap fiber (PBF) or
a liquid-core, holey fiber for the capillary. In a PBF, light
is guided in a low index region surrounded by a periodic
structure. Due to the periodic structure, light is effectively
prevented from leaving the guiding core. Similar to a
standard capillary tubing, a fluid may be injected into the
light guiding core of a PBF, and at the same time light
launched into the PBF will be contained therein due to
the photonic structure of the PBF. In a liquid-core, holey
fiber light can be contained in the core despite that the
liquid-core may have a lower refractive index than the
material of the cladding (capillary). This is achieved by
providing a number of small holes (thus "holey fiber")
close to the core, thus reducing the effective refractive
index of the cladding.
[0019] Although this specification is primarily directed
towards examples in which a fluid in the form of a liquid
is employed, it should be understood that the device ac-
cording to the invention may also be applied in cases
where the fluid is a gaseous medium.

Brief description of the drawings

[0020] The various aspects of the invention, including
its particular features and advantages, will be readily un-
derstood from the following detailed description and the
accompanying drawings. On the drawings:

Figure 1 schematically shows a device according to
the present invention;
Figure 2 schematically shows another device ac-
cording to the invention;
Figure 3 shows a picture of a typical twin-hole optical
fiber used in embodiments of the present invention.

Detailed description of the invention

[0021] The invention will be further explained in the
following with reference to a device comprising an input
optical fiber 10 with two longitudinal holes (fluid channels)
11a and 11b parallel and adjacent the core 12 of the fiber.
The twin-hole fiber is spliced to a capillary 20 (such as a
capillary tubing, a photonic bandgap fiber or a liquid-core,
holey fiber), preferably of substantially the same outer
diameter as the fiber. The arrangement of the optical fiber
10 (and its holes 11a, 11b) and the capillary 20 is such
that there is a capability of fluid communication between
each of the holes 11a, 11b and the fluid channel 21 of
the capillary (indicated by double-head arrows in figures
1 and 2). In addition, the center of the core 12 of the fiber
10 is axially aligned with at least some portion of the

capillary fluid channel 21. Consequently, light can be con-
veniently coupled from the optical fiber and into the fluid
channel of the capillary in a longitudinal, or axial, config-
uration. Since there is fluid communication between the
holes of the fiber and the fluid channel of the capillary,
liquid can be likewise conveniently injected into the fluid
channel of the capillary. A device of this kind is schemat-
ically shown in figure 1 of the drawings.
[0022] The device is preferably manufactured by join-
ing the optical fiber 10 and the capillary 20 by means of
a standard fiber splicer. For example, in the experiments
carried out relating to this invention, a fusion splicer of
the make Ericsson FSU 975 PM-A was used. When mak-
ing the splice, a current lower than that typically used
when splicing standard fibers should preferably be used.
The reason for using a lower splicing current in the splicer
is that thermal collapse of the fluid channels should be
avoided.
[0023] In a first embodiment, a twin-hole optical fiber
10 was used in connection with a capillary tubing 20. The
outer cladding diameter of the optical fiber was about 125
Pm. Each fluid channel 11a, 11b of the fiber had a diam-
eter of about 25 Pm and a centre to centre separation of
about 50 Pm. This fiber was spliced to a capillary 20
having similar outer diameter, and a capillary fluid chan-
nel 21 having a diameter of about 25 Pm. Hence, the
capillary fluid channel overlapped by margin with both of
the fluid channels in the optical fiber, such that there was
a capability of fluid communication between the fluid
channels of the optical fiber and the capillary tubing. The
light guiding core of the optical fiber, having a diameter
of about 8 Pm, was situated approximately midway, sym-
metrically between the two fluid channels of the fiber.
When the fiber and the capillary had been joined by fusion
splicing, the light guiding core was thus axially aligned
with the fluid channel of the capillary tubing, such that
light could conveniently pass between the light guiding
core and the fluid channel of the capillary. Liquid could
flow between the fiber holes 11a, 11b and the capillary
fluid channel 21 without any formation of bubbles.
[0024] In a second embodiment, smaller dimensions
were used. In this case, the capillary had a diameter of
about 25 Pm and the twin-hole optical fiber had fluid chan-
nels of about 34 Pm in diameter, with a centre to centre
separation of about 21 Pm. Also in this case, the capillary
fluid channel overlapped by margin with both of the fluid
channels in the optical fiber, such that there was a capa-
bility of fluid communication between the fluid channels
of the optical fiber and the capillary tubing.
[0025] Another embodiment is shown in figure 2. At an
output end of the capillary, there is preferably arranged
a second optical fiber 10.2 in the form of an output fiber
in addition to the first optical fiber 10.1, spliced to the
capillary 20 in a manner similar to the situation for the
first, input fiber. Hence, light and liquid from the fluid chan-
nel of the capillary can be collected at the output fiber for
further processing and analysis.
[0026] Figure 3 shows a picture of a twin-hole optical
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fiber that may be used in the device according to the
present invention. The two holes (fluid channels) can be
seen symmetrically arranged adjacent the light guiding
core of the fiber.
[0027] Since the light and fluid transport system is
based on well known fiber technology, any known prin-
ciple or device may be used in the analysis of the output
light. For example, reflective fiber gratings may be used
for selectively separating illumination light from fluores-
cence light emanating from the fiber.
[0028] The capillary can be of virtually any length.
However, if very long capillaries are to be used together
with a fluid having a refractive index lower than the ma-
terial of the capillary (e.g. silica, having a refractive index
of about 1.45), the inner walls of the fluid channel may
be coated with a reflective material, such that light guiding
is effected along the capillary in order to reduce loss of
light in the process of analysis. Alternatively, when a pho-
tonic bandgap fiber or a liquid-core holey fiber is used
for the capillary, such reflective coating can be dispensed
with since light may be contained in the capillary by the
light guiding properties of such fiber itself. This latter al-
ternative has the advantage of lower optical losses com-
pared to the case where a reflective coating is used inside
a capillary tubing. Optionally, gradient index lenses
(GRIN-lenses) may also be provided at the interface be-
tween the optical fiber and the capillary in order to im-
prove the axial coupling of light in to and out from the
capillary, thus also providing for a more collimated light
beam through the capillary.
[0029] One advantageous feature of the device ac-
cording to the present invention is that the flow of liquid
within the microfluidic device can be controlled optically.
Generally, by focusing a high power laser beam onto a
capillary, thermal expansion of the liquid inside the cap-
illary can be used in order to intermittently halt or allow
the flow of liquid. The following description presupposes
that there is a bias pressure applied to the microfluidic
system driving liquid through the fluid channels of the
device.
[0030] Initially, the flow within the capillary is essen-
tially continuous due to the bias pressure applied. When
a laser beam is focused onto the capillary, the illuminated
portion of the liquid exhibits thermal expansion effected
by the energy deposited by the laser beam. This thermal
expansion (in two directions along the capillary) gives a
quick push of the liquid at the edge of the heated region
in the forward direction, and stops the flow on the oppo-
site side of the heated region thus counteracting the bias
pressure applied. When the laser light is switched off,
the opposite takes place, wherein the liquid decreases
in volume due to the reduced temperature, causing a
quick stop of the flow in the forward direction. This prin-
ciple can be used for controlling the flow of liquid from
the two (or more) fluid channels of the optical fiber into
the fluid channel of the capillary, or vice versa.
[0031] To test this principle of optical flow control, a
device according to the present invention was used

wherein liquids of different color were injected into the
two fluid channels of the optical fiber. A bias pressure
was applied to the device, such that the same flow rate
was obtained from the two channels of the optical fiber
into the fluid channel of the capillary, thus mixing the liq-
uids at the junction between the channels. Two laser
beams were directed onto the optical fiber, one at each
fluid channel therein. The two laser beams were synchro-
nized such that one was switched on when the other was
switched off, and vice versa. This setup resulted in alter-
nating injection of liquid from the fluid channels of the
fiber one at the time, which gave a situation where the
liquid inside the fluid channel of the capillary contained
discrete portions of differently colored liquids. It should
be noted that the dimensions of the capillary are suffi-
ciently small in order for the injected liquid to remain sub-
stantially unmixed in the axial direction.
[0032] Perhaps more interestingly, the same principle
can be used for selectively sending the contents of the
capillary fluid channel into either of two fluid channels in
an output optical fiber. For example, particles such as
cells flowing in a liquid medium and being marked by
fluorescence may be directed into a selected channel of
the output fiber depending on, for example, whether a
particular tag is detected or not.
[0033] Notably, the power and switching periodicity of
the illuminating laser beams should be tuned with respect
to the bias pressure such that the desired flow control is
obtained. If the bias pressure is too high compared to the
thermally induced change in flow rate, the flow of liquid
will not come to a complete stop during switching, thus
resulting in remaining mixture of the two liquids (or poor
separation as the case may be).

Conclusion

[0034] A microfluidic device has been disclosed, com-
prising an optical fiber having a light guiding core and at
least one fiber fluid channel formed adjacent to the core,
and a capillary having a capillary fluid channel. The op-
tical fiber and the capillary are spliced to each other such
that the center of the light guiding core of the fiber is
axially aligned with the capillary fluid channel, while at
the same time there is provided a fluid communication
between the fiber fluid channels and the capillary fluid
channel.
[0035] Thus, a convenient and competitive microfluidic
device is provided, in which fluid and light may be intro-
duced axially into a capillary fluid channel. The device
can be manufactured by the use of standard splicing tech-
niques, thus making it less costly than prior art devices.
In addition, problems in the prior art relating to compar-
atively large volumes involved, and to the issue of inter-
facing the fluid under analysis, are avoided. The device
according to the invention also provide for optical flow
control of a liquid inside the fluid channels, thus facilitating
the handling of the liquid and selective sorting of samples.
[0036] The embodiments described above and shown
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schematically on the drawings are for illustrative purpos-
es only. Hence, it will be understood that various modi-
fications are possible within the scope defined in the
claims.

Claims

1. A microfluidic device, comprising:

a first optical fiber having a light guiding core
and at least one fiber fluid channel formed ad-
jacent to the core; and
a capillary having a capillary fluid channel;

wherein the first optical fiber and the capillary are
joined to each other such that the center of the light
guiding core of said fiber is axially aligned with at
least some portion of the capillary fluid channel of
the capillary; and
wherein said first optical fiber and said capillary are
arranged to provide fluid communication between
the or each fluid channel of said fiber and the fluid
channel of the capillary.

2. The device as claimed in claim 1, wherein said optical
fiber comprises two or more fiber fluid channels each
being capable of fluid communication with the cap-
illary fluid channel of the capillary.

3. The device as claimed in claim 1 or 2, further com-
prising a second optical fiber having a light guiding
core and at least one fiber fluid channel formed ad-
jacent to the core;
wherein said second optical fiber and said capillary
are joined to each other such that the center of the
light guiding core of said second optical fiber is axially
aligned with at least some portion of the fluid channel
of the capillary; and
wherein said second optical fiber and said capillary
are arranged to provide fluid communication be-
tween the or each fluid channel of said second fiber
and the fluid channel of said capillary.

4. The device as claimed in any one of the claims 1-3,
wherein the fiber fluid channel of the or each optical
fiber is constituted by a respective longitudinal hole
in the respective fiber, said longitudinal hole running
adjacent and parallel to its light guiding core.

5. The device as claimed in claim 3, wherein the center
of the light guiding core of both optical fibers and the
center of the fluid channel of the capillary are all ax-
ially aligned along a common axis.

6. The device as claimed in claim 2, further comprising
means for altering the temperature of liquid in a se-
lected one of said fiber fluid channels and to thereby

control the flow of liquid from said selected fiber fluid
channel into the capillary fluid channel of the capil-
lary.

7. The device as claimed in claim 6, wherein the means
for altering the temperature comprises a laser source
for illumination of the selected one of said channels.

8. The device as claimed in any one of the preceding
claims, wherein the or each optical fiber and the cap-
illary have substantially the same diameters, and
wherein the or each fiber is joined to the capillary by
fusion splicing.

9. The device as claimed in any one of the preceding
claims, wherein the capillary is a photonic bandgap
fiber or a liquid-core, holey fiber.

10. The device as claimed in any one of the preceding
claims, further comprising a gradient index lens at
the interface between the optical fiber and the cap-
illary.

11. The device as claimed in any one of the preceding
claims, wherein the inside of the capillary fluid chan-
nel is provided with a reflective coating.
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